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The  method  of  automatic  measurement  of  the  spectral 
response  of  infrared  detectors  is  discussed.  A  special 
system  has  been  built  and  its  performances  tested.  The 
principle  of  the  measurement  and  the  design  of  the  system 
are  presented.  The  results  show  that  a  number  of  problems 
generally  encountered  in  such  measurements  can  be  eliminated. 


I .  FOREWORD 

The  spectral  response  of  infrared  detectors  is  one  of  the  primary 
characteristics  of  infrared  detectors;  the  spectral  response  indicates  the 
relationship  between  wavelength  and  response  rate  of  a  detector.  The 
response-rate  curve  (of  a  detector)  varying  with  wavelength  is  one  of  main 
bases  of  system  design. 

In  the  past,  generally  the  measurement  of  relative  spectral  response 
(of  an  infrared  detector)  was  conducted  on  a  monochromator,  by  using  point 
by-point  me< surement .  After  modulation,  the  infrared  source  enters  a  mono 
chromator  for  light  dividing;  the  modulated  monochromatic  light  is  then 


obtained.  The  monochromatic  light  is  first  received  by  a  nonselective 
thermodetector,  such  as  a  vacuum  thermocouple  and  heat  release  electric 
detector;  a  set  of  electric  output  data  varying  with  wavelength  is 
obtained.  The  data  are  then  received  by  the  measured  detector,  and 
similarly  another  set  of  data  is  obtained.  By  one-to-one  comparison  of 
these  two  sets  of  data,  a  set  of  spectral  response  data  of  the  measured 
detector  is  then  calculated.  This  method  is  relatively  complex  as  it  is 
time  consuming.  In  addition,  these  two  sets  of  data  are  not  measured 
simultaneously;  the  instability  of  the  light  source  and  measurement 
equipment,  as  well  as  the  environmental  variation  in  the  measurement 
process  will  bring  greater  error  to  the  measurement. 

For  conveniently,  accurately  and  quickly  obtaining  the  spectral  response 
curve  of  an  infrared  detector,  the  authors  improved  the  measurement  method; 
i.e.,  by  using  a  real  time  comparative  measurement  method  to  divide  the 
light  (from  the  emission  slit  of  the  chromator)  into  two  b.eams  With  an 
optical  system.  One  light  beam  is  received  by  a  thermodetector,  and  the  other 
light  beam  is  received  by  a  measured  detector.  Comparing  signals  received 
simultaneously  by  these  two  detectors,  and  processing  the  signals  by  a  ratio 
meter,  the  equal-power  spectral  response  curves  of  the  infrared  detector  are 
directly  and  automatically'  recorded.  As  revealed  by  experimental  results, 
the  recorded  equal-power  sp,'c*ral  response  curves  can  eliminate  the  effect  of 
environmental  variation  and  instability  of  the  light  source.  Thus,  the 
measurement  accuracy  and  speed  are  increased. 

II.  FUNDAMENTAL  PRINCIPLE  OF  MEASUREMENT 

Under  the  action  of  the  modulated  monochromatic  light  source,  the  reference 
detector  output  electromotive  force  V  ^(1)  is  proportional  to  the  spectral  power 
distribution  $(\)  of  the  light  source,  the  instrument  function  N(x)  of  the  mono¬ 
chromator,  the  transparency  ratio  of  the  monochromator,  and  the  spectral 

response  G  ^(’.)  of  the  reference  detector  itself;  i.e., 

>•  '•<'<!>  >■  -V  /  t  /.  (1) 

Under  the  same  condition,  the  electromotive  force  V  (>. )  (as  the  output  of 
the  measured  detector)  is  similarly  2 


)*,.  X)e*  4> A'i>.>*iX)C»t'A), 


(2) 


In  the  equation,  G(,\)  is  the  spectral  response  of  the  measured  detector  itself. 


Comparing  equations  (1)  and  (2)  and  ordering  them,  we  obtain 
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If  Gt^(X)  is  a  constant  not  related  to  wavelength,  then  only  by  measuring 
Vs(X)/Vsth(X)  can  t*ie  re^ate<^  spectral  response  of  the  detector  be  obtained. 
The  installation  we  developed  was  made  on  this  principle  (this  paper  does  not 
discuss  the  correction  problem  of  G  ^ f ^ .  Figure  1  shows  the  principle  of 
the  measurement  installation. 


After  focusing,  the  infrared  source  is  divided  into  two  channels  (upper 
ar.d  lower)  to  be  separately  modulated  into  two  different  frequencies.  After 
light  dividing  with  a  monochromator,  two  modulated  monochromatic  beams  (with 
modulated  frequency)  are  obtained.  Then  the  light  beam  with  different 
modulated  frequencies  is  divided  into  two  channels  to  be  separately  received 
by  the  reference  and  measured  detectors.  After  amplification  and  phase- 
sensitive  detection,  the  energy  signals  simultaneously  received  by  two 
detectors  are  divided  at  a  ratio  meter.  The  prism  of  the  monochromator  is 
rotated  to  synchronize  with  pen  X  of  a  drafting  machine;  then  the  spectral 
response  curve  (related  to  the  measured  detector)  can  be  continuously  drawn. 

III.  SYSTEM  DESIGN 

The  instrument  is  composed  of  an  optical  system,  a  signal  processing 
system,  a  wavelength  scanning  system,  and  a  drafting  machine. 


1.  Optical  system 
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The  optical  system  includes  a  light  source,  a  modulator,  a  monochromator, 
and  a  light  dividing  system,  as  shown  in  Fig.  2. 


3 


L 


Fig.  1.  Diagram  showing  the  principle  of  the  automatic  measurement  installa¬ 
tion. 

Key:  (1)  Infrared  source;  (2)  Source  of  constant  current;  (3)  Modulator; 

(4)  Monochromator;  (5)  Light  dividing  system;  (6)  Reference  detector;  (7) 
Measured  detector;  (8)  Amplifier;  (9)  Amplification  of  selective  frequency; 
(10)  Synchronous  detection;  (11)  Reference  signal;  (12)  Ratio  meter;  (15) 
Recording  instrument;  (14)  Clock  pulse  producer;  (15)  Frequency  division 
circuit;  (16)  Synchronous  motor;  (17)  Rotary  distributor  and  drive  circuit. 

The  authors  used  a  Nengsite  [transliteration]  lamp  as  the  infrared 
source,  which  produces  radiation  in  a  wider  wave  band.  The  operating  current 
of  the  light  source  is  supplied  by  a  steady  current  source';  the  operating 
current  of  the  light  source  is  continuously  ?Jiustable,  generally  at  0.6A. 

After  focusing  (by  a  reflective  mirror)  of  the  Nengsite  light  source, 
the  light  beam  falls  on  an  incident  slit  of  the  monochromator  with  a  long 
slender  shape.  A  mechanical  modulation  device  is  placed  between  the 
light  source  and  incident  slit  (of  the  monochromator).  Modulations  are 
conducted  by  taking  one  half  of  the  upper  and  lower  portions  of  the  light 


beam.  At  both  sides  of  each  modulating  disk,  a  small  bulb  and  j  silicon 

4 


.1 


Fig.  2.  Diagram  showing  principle  of  optical  system. 
Key:  (1)  Incident  slit;  (2)  Reflective  mirror;  (3) 

Modulator;  (4)  Monochromator;  (5)  Emergent  slit;  (6) 
Measured  detector;  (7)  Light  source;  (8)  Source  of 
constant  current;  (9)  Reference  detector. 


photoelectric  diode  are  installed.  While  rotating  the  modulating  disk, 
the  light  of  the  small  bulb  is  simultaneously  modulated,  so  that  the 
silicon  photodiode  can  receive  the  synchronizing  signal  of  the  modulating 
disk;  the  synchronizing  signal  is  used  as  the  reference  signal  of  phase 
sensitive  detection  in  order  to  obtain  a  greater  signal-to-noisc  ratio. 

The  modulation  frequency  is  determined  by  the  detector;  if  a  TGS  heat- 
release  electric  device  is  used  as  a  reference  detector,  and  a  photoelectric 
type  detector  is  used  as  a  measured  detector,  then  based  on  the  character¬ 
istics  of  these  two  categories  of  devices,  the  modulation  frequencies  are 
respectively,  10  C/S  and  800  C/S. 


A  Carl  Ceiss  SPM-2  type  monochromator  is  used  as  the  monochromator . 
Based  on  the  requirements  of  spectral  response  of  the  measured  detector,  a 
corresponding  prism  is  used  for  light  division;  wavelength  scanning  is 
driven  by  a  stepped  motor. 


The  monochromatic  light  modulated  from  the  upper  and  lower  beams  (10  C/S 
and  800  C/'S)  comes  from  the  emergent  slit  of  the  monochromator;  these  two 
beams  fall  separately  on  two  (upper  and  lower''  plain  mirrors,  intersecting 
each  other  at  45°.  These  two  plain  mirrors  reflect  the  beams,  separately, 
onto  two  concave  mirrors,  focusing  on  response  elements  of  the  reference 
and  measured  detectors.  Thus,  the  two  detectors  simultaneously  receive  signals 
from  the  sane  light  source.  If  the  reflective  characteristics  of  the  reflec¬ 
tive  mirrors  of  two  light  channels  are  basically  consistent,  the  chromatic 
characteristics  of  the  light  beams  in  both  light  channels  are  consistent; 
the  energy  ratio  is  constant  in  the  measured  spectral  range.  All  optical 
elements  and  detectors  are  installed  on  a  microadjustable  frame  with  three 
adjustable  axes  in  order  to  accurately  adjust  the  position  during  measurement. 

2.  Signal  processing  system 

The  signal  processing  system  includes  two  ports:  the  signal  receiving 
circuit  and  the  ratio  meter. 

The  reference  detector  and  measured  detector  use  two  corresponding  (but 
different!  prime  amplifiers  for  detection  and  measurement  of  weak  signals 
to  separately  conduct  amplification  and  frequency  selection  via  two  channels 
of  the  main  amplifier  and  R-C  frequency  selection  amplifier.  The  center 
frequency  of  the  frequency  selection  amplifier  is  consistent  with  the 
corresponding  modulation  frequency;  the  amplifier  has  a  wider  activity  range 
and  a  constant  increment  of  the  energy  signal  received  from  the  entire 
optical  spectral  band.  In  order  to  raise  the  capability  of  detecting  and 
measuring  signals  by  a  circuit,  the  principle  of  the  phase  discriminator 
is  adopted  to  separately  conduct  phase  sensitive  detection  on  signals.  The 
alternating-current  (ac)  signals  received  by  the  detector  arc  converted  into 
direct-current  (dc)  signals  to  conduct  signal  processing  by  a  ratio  meter. 

The  reference  signals  of  sc  sensitive  detection  arc  output  from  the 
silicon  photodiode  on  a  modulating  disk.  In  order  to  adjust  the  phase 
relationship  between  reference  signals  and  reception  signals,  an  adjustable 
circuit  has  been  designed  in  the  circuit  to  separately  conduct  phase 
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adjustment  on  two  channels  of  reference  signals.  The  time  constant  of  the 
entire  circuit  is  primarily  determined  by  integration  time  C  of  phase 
sensitive  detection.  In  order  to  obtain  a  relatively  good  effect  in  phase 
sensitive  detection,  2.5  seconds  is  selected  as  the  integration  time;  the 
time  constants  of  two  channels  are  equal  to  each  other. 

The  ratio  meter  is  the  key  part  of  this  instrument.  In  order  to  simplify 
the  circuit  configuration,  a  division  simulator  is  used  to  meet  ratio 
requirements.  The  division  simulator  applies  the  principle  of  the  logarithmic 
circuit,  the  ;:.uthenut ical  expression  (of  the  simulator!  is  ?.s  follows: 

I',  -  An  blog  log.f  -  logy)  *--.!■  'y0  eg, 

In  the  circuit  of  the  division  simulator,  four  computing  amplifiers  constitute 
the  logarithmic  and  anti  logarithmic  circuits.  Only  under  the  condition  of 
compatibility  of  four  feedback  transistors  are  computing  accuracy  and 
temperature  stability  quite  satisfactory.  Within  the  output  range,  the 
computing  accuracy  is  within  2  percent. 

Two  channels  of  signals  from  phase  sensitive  detection  are  simultaneously 
sent  to  the  input  terminal  of  the  ratio  meter;  the  signal  of  the  measured 
detector  is  used  as  numerator,  and  the  signal  of  reference  detector  is  used 
as  denominator.  When  the  numerator  or  denominator  varies,  the  ratio  meter 
can  accurately  measure  the  instantaneous  value  of  the  ratio.  Placing  the 
ratio  signal  (output  from  the  ratio  meter}  onto  pen  Y  of  the  recording 
instrument,  curves  can  be  recorded  relative  to  spectral  response  When  the 
light  source  or  other  factors  induce  simultaneously  proportional  variation 
in  the  numerator  and  denominator,  the  output  of  the  ratio  meter  does  not 
vary.  This  mo*  -‘liminate  errors  caused  by  variation  of  the  light  source, 
or  variations  of  environmental  temperature  and  air  components. 

3.  Wavelength  scanning  system 

The  wavelength  scanning  system  includes  a  motor,  a  drive  circuit,  a 
D/A  conversion  circuit,  and  relay  coupling  circuit  (for  position  restraint 
of  record ing  pen) . 
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The  wavelength  scanning  of  the  monochromator  is  driven  by  a  stepped 
motor.  The  authors  directly  connect  the  stepped  motor  with  the  wavelength 
adjustment  hand  wheel  of  the  monochromator.  Step  distance  of  the  motor  is 
1.5°;  as  the  center  wavelength  of  the  monochromator  varies  from  0.6  to 
approximately  15  urn,  the  motor  requires  to  rotate  approximately  3600  steps. 

For  a  NaCl  prism,  smaller  color  dispersion  is  between  2ynrv3  pm.  For  each 
0.1  urn,  the  stepped  motor  should  be  rotated  8^9  steps.  Therefore,  the  step 
distance  of  the  stepped  motor  can  meet  the  requirement  of  0.1  ym  accuracy 
in  wavelength. 

The  motor  rotating  speed  is  considered  in  the  following  way:  if  the 
time  constant  of  the  signal  processing  circuit  is  when  the  motor  rotating 
speed  is  sufficiently  low,  it  can  ensure  sufficient  time  (several-fold  of 
the  circuit  time  constantj  to  record  the  ratio-meter  output  corresponding 
to  every  wavelength.  In  order  to  effectively  raise  the  testing  speed,  the 
authors  first  determined  that  Sr,  was  the  required  testing  time  for  each 
wavelength.  If  a  point  is  measured  at  every  0.1  pm,  then  in  the  minimum 
linear  dispersion  zone,  when  the  wavelength  scanning  is  0.1  pm,  the  time 
required  for  rotating  N  steps  of  the  stepped  motor  is  STj  the  frequency  of 
the  stepped  motor  is  N/3t# 

According  to  different  requirements  on  accuracy  of  the  tested  wavelength 
by  different  detectors,  different  recording  speeds  can  be  selected.  At 
present,  the  motor  clock  frequencies  the  authors  selected  are  i  Hz,  2  Hz  and 
4  Hz.  Supplied  by  clock  pulse  after  frequency  division,  the  recording 
times  of  0.6  yiir-15  um  are,  respectively,  15  minutes,  50  minutes  and  60  minutes. 
For  2  y nr- 1 4  ym,  the  recording  times  are,  respectively,  11  minutes,  21  minutes 
and  42  minutes. 

In  order  to  have  a  simple  and  reliable  system  and  to  avoid  errors  due 
to  instability  of  clock  frequency,  a  single  clock  is  adopted  as  the  datum 
to  synchronize  the  prism  rotation  and  pen  (X)  motion  of  the  recording  instru¬ 
ment.  After  frequency  division,  the  clock  pulses  are  divided  into  two 
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channels.  One  channel  passes  through  a  circular  distributor  and  a  power 
amplification  circuit  to  rotate  the  stepped  motor.  Another  channel  is  input 
to  a  data  mode  switching  circuit  to  convert  clock  pulses  into  dc  signals  on 
pen  X  of  the  recording  instrument.  The  switching  circuit  is  a  stepped 
integration  circuit  of  high-order  number  and  long  time;  the  integration  time 
is  as  long  as  scores  of  minutes,  and  the  number  of  steps  is  mere  than  3600 
with  each  step  less  than  1  mV.  Hence,  a  dc  voltage  (varying  with  time  and 
rising  proportionally)  is  applied  on  the  pen  X  with  a  degree  of  linearity 
greater  than  1  percent. 

Since  the  prism  color  dispersion  is  nonlinear,  the  spectral  scale  of 
the  recording  paper  should  be  calibrated  corresponding  to  tie  scale  of  prism 
color  dispersion.  Thus,  the  spectral  error  recorded  is  less  than  0.1  urn. 

If  no  voltage  is  applied  on  pen  X,  a  method  of  manual  dot-marking  can  be 
used  (while  moving  the  recording  paper)  to  calibrate  wavelength  coordinates. 

IV.  MEASUREMENT  RESULTS 

Quite  a  few  measurements  were  conducted  on  several  different  types  of 
photoelectric  detectors.  As  revealed  by  measurement  results,  the  system  can 
effectively  test  and  measure  the  spectral  response  of  detectors. 

1.  Measurements  are  conducted  by  changing  the  operating  current 
(adjusted  separately  at  0.6  A  and  0.9  A)  of  the  light  source.  The  relative 
spectral  response  cf  the  measured  detector  is  basically  consistent  (see  Fig. 
3).  At  different  times,  the  authors  plotted  two  spectroradiometric  curves 
(of  the  Nengsite  lamp);  these  two  curves  do  not  coincide  (see  Fig.  4). 
However,  by  conducting  two  corresponding  tests  on  a  single  detector,  the 
response  curves  are  comparatively  close  (see  Fig.  5).  This  explains  that 
the  system  has  an  effective  influence  in  eliminating  light-source  variation 
during  the  measurement  process. 

2.  Comparing  curves  plotted  by  automatic  measurement  with  the  spectral 
response  curves  plotted  by  calculation  of  point-by-pcint  measurement,  using 
the  same  detector,  the  peak-value  wavelength  and  the  cutoff  wavelength 


generally  coincide;  the  curve  shapes  are  generally  similar  (see  Fig.  6(a) 
and  (b)).  However,  the  measurement  speed  is  more  than  10  times  faster. 


Fig.  3.  Spectral  response  curves  of  HgCdTe  detector 
for  light  source  at  different  operating  currents. 

Key:  (a)  Relative  response;  (b)  Light  source;  (c) 

Wavelength. 

3.  Several  different  wave  bands  are  selected  according  to  performance 
characteristics  of  the  measured  and  reference  detectors;  the  slit  width 
of  the  monochromator  is  changed  within  a  certain  range;  and  the  output  data 
of  the  ratio  meter  are  generally  consistent.  This  indicates  unchanged 
results;  although  energy  varies  while  varying  slit  width,  by  comparing  two 
channels  of  real-time  signals,  the  results  remain  unchanged  if  the  numerator 
and  denominator  vary  in  the  same  proportion,  as  indicated  in  Table  1, 

V.  ANALYSIS  OF  MEASUREMENT  ERRORS 

1.  Environmental  effect 

iO 


Fig.  4.  Radiation  curves  of  two  different  light  sources. 
Key:  (a)  Relative  radiation  power;  (b)  Light  source; 

(c)  Wavelength. 


Table  1  Radio  meter  outputs  while  varying  slit  width. 


O.Sirm 

0.4  no 

mm 

0.67  V 

0.6*  V 

0.67  V' 

1.5  V 

1  5  V 

1  5  V 

Ke;- :  fa)  Wavelength;  (b)  Output;  (c  t  Slit  width. 


Since  the  response  wave  band  of  the  measured  detector  generally  lies 
between  2  um  and  IS  um,  variations  of  environmental  temperature  and 
atmospheric  composition  will  introduce  errors  in  measurement.  The  variation 
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Fig.  S.  HgCdTe  spectral  response  curve  recorded  under 
different  conditions  of  the  light  source. 

Key:  (a)  Relative  response;  (b)  Recordings  for  light 
source  1;  (c)  Recordings  for  light  source  2;  (d) 

Wavelength. 

of  the  monochromatic  channel  at  the  previous  band  of  the  monochromator  can 
be  eliminated  after  comparing  both  channels.  However,  in  the  monochromatic 
channel,  leading  out  from  the  monochromator,  factors  of  asymmetry  will 
introduce  errors  in  the  measurement. 

2.  F.ffect  of  energy  magnitude  in  measurement 

In  order  to  ensure  that  an  amplifier  is  not  saturated  when  the  energy 
of  the  light  source  is  at  the  maximum,  the  incident  energy  should  be 
adjusted  to  an  appropriate  value.  Thus,  the  energy  is  correspondingly 
decreased  within  the  long  wave  range;  as  a  result,  the  signal-to-noise  ratio 
is  reduced  to  introduce  error  in  long-wave  measurement.  An  attenuator  can 
be  used  in  the  measurement  process.  However,  automatic  attenuation  will 


(b)  Spectral  response  of  PbSnTe. 

Fig,  6.  Spectral  response  curves  plotted  with 
automatic  recording  and  with  calculation  after 
point-bv-point  measurement.  (Kev  on  following  page) 
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(Fig.  6  continued) 

Key:  (a)  Relative  response;  (b)  Curves  plotted  with 

automatic  recording;  (c)  Curves  plotted  with  calcula¬ 
tion  after  point -by-point  measurement;  (d)  Wavelength. 

add  complexity  to  the  instrument  circuit;  therefore,  automatic  change  of 
the  slit  width  can  increase  input  energy  in  the  long  wave  range  in  order  to 
ensure  measurement  accuracy.  In  selecting  the  range  of  slit-width  variation, 
consideration  should  be  given  that  the  emergent  light  beam  has  relatively 
good  monochromatic  characteristics,  rot  affecting  the  spectral  accuracy 
during  measurement. 

3.  Spectral  error 

Since  the  monochromator  displays  nonlinear  color  dispersion  in  the  entire 
wave  band,  the  wave  band  with  low  dispersive  power  displays  less  desirable 
monochromatic  characteristics  with  greater  spectral  error;  this  indicates  a 
close  relationship  with  the  magnitude  of  the  slit  width.  A  wider  slit  also 
causes  less  desirable  monochromatic  characteristics.  For  example,  within  the 
range  of  0.6  pm-U5  pm  of  a  NaCl  prism,  the  dispersive  power  is  greater  in  the 
long-wave  portion.  If  the  slit  width  is  properly  increased,  the  input  energy 
can  be  raised.  However,  the  spectral  error  of  the  short-wave  portion  will 
be  comparatively  greater.  For  example,  in  the  vicinity  of  3  vm,  the  linear 
color  dispersion  AX/At.  is  approximately  0.308  pm/mm;  however,  in  the  vicinity 
of  12  pm,  ax/aj.  is  approximately  0.089  ym/mm.  Hence,  when  the  slit  width  is 
adjusted  to  0.5  mm,  the  spectral  error  in  the  vicinity  of  3  pm  is  greater  than 
0.15  pm.  In  order  to  ensure  accuracy  of  spectral  measurement,  the  slit  width 
should  be  properly  selected  based  on  different  detector  (characteristics). 

Thus,  there  will  be  better  monochromatic  characteristics  in  the  vicinity  of  the 
wavelength  concerned  (such  as  peak-value  wavelength  and  cutoff  wavelength) 
to  satisfy  the  requirements  of  spectral  accuracy. 

In  measurement,  selection  of  measurement  speed  also  affects  spectral 
accuracy.  If  the  speed  is  too  high,  the  measurement  time  at  each  point  is 
smaller  than  the  (circuit)  time  constant;  accurate  results  are  then  unable 


to  be  recorded.  Therefore,  the  motor  rotational  speed  should  be  properly 
selected  based  on  different  color-dispersion  conditions  of  different  prisms. 

Besides,  if  there  is  deviation  in  adjustment  of  detector  positions,  errors 
in  spectral  characteristics  also  can  be  produced. 

The  authors  express  their  gratitude  to  Comrade  Xu  Shiqiu  for  his  helpful 
guidance  in  the  research. 
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It  has  been  done  to  optimize  an  infrared  broad-band 
coating  on  the  theory  of  equivalent  multilayers  by  means 
of  a  computer  program  named  "Random  optimization."  The 
practical  design  and  experimental  results  for  8^14  and 
2^14  micrometer  wavelength-band  on  Ge  substrate  are 
presented. 


I .  FOREWORD 


In  an  optical  system,  it  is  necessary  to  have  an  antireflection  feature 
on  optical  parts.  Broad-band  antireflection  develops  from  a  single  anti¬ 
reflection  layer  to  multiple  lasers.  A  very  high  level  of  work  hai  been  done 
on  the  broad-band  antireflection  scheme  in  the  visible  region.  On  the  develop 
ment  of  infrared  multi-spectrum  technique  and  infrared  broad  wave  band  testing 
and  measurement  technique,  the  infrared  broad  band  antireflection  work  has 
been  more  and  more  stressed.  In  manuscript  (1),  studies  were  made  on  single 
layer,  double  layer,  and  triple  layer  antircflection  coatings  with  high 
refractivity  substrate;  however,  the  broad-band  work  is  only  limited  to  K7  urn 
Later,  some  researchers  worked  on  antireflection  of  a  four-layer  broad 
band  '  by  using  highly  toxic  thallium  salt  and  easily  deliquescent  fluorides; 


in  the  high  transparency  band,  the  antireflection  work  has  been  conducted  some¬ 
where  in  the  range  of  2^10  pm.  In  recent  years,  although  there  were  advertise¬ 
ments  of  better  sample  curves,  there  were  very  few  detailed  research  reports. 

Oftentimes,  there  are  shortages  of  relatively  ideal  thin  coating  materials 
in  the  broad-band  antireflection  work  of  a  high  refractivity  substrate  in  the 
infrared  region.  In  the  research  of  this  paper,  initial  coatings  were  designed 
based  on  vector  analysis  and  the  concept  of  equivalent  composite  coating.  Random 
optimization  is  utilized  to  obtain  ultrawide  coatings  in  the  2c  14  pm  wavelength 
region.  In  design  and  experimental  manufacture,  three  types  of  coating  materials 
were  used:  Ge,  ZnS  and  SrF2*  These  coating  materials  have  relatively  good 
optical,  mechanical  and  anti-deliquescent  characteristics  with  low  toxicity 
and  adaptability  to  the  manufacturing  process. 

II.  DESIGN  OF  INITIAL  COATINGS  . 


A  general  description  is  given  of  the  design  of  initial  coatings  of  infrared 
broad-band  antireflection  coatings. 

1.  Vector  analysis  method 


Since  generally  the  refractivity  of  optical  materials  used  in  the  infrared 
region  is  relatively  high,  such  as  nge=4«  and  n,,^=3.5,  i*  *s  very  convenient  to 
determine  refractivity  of  each  layer  by  using  the  vector  analysis  method  in  which 
the  optical  thickness  of  each  layer  is  XQ/4 

According  to  the  vector  analysis  method,  we  assume  that  there  are  k  layers 
of  antireflection  coatings  and  the  optical  thickness  of  each  layer  is  *0/4  (the 
phase  thickness  is  90°).  When  the  refractivity  satisfies  the  following  relation¬ 
ship,  i.e.:  n?“ 

n**'  -»»i.  h*;, 

nV  - 


In  the  equations,  n  is  air  refract:'  ity  and  n.  is  the  refractivity  of  the  k-th 
0  broad  band  * 

layer  (k  is  an  integer);  then  the  coating  system  has  k  zero  reflect¬ 

ing  points;  the  wavelength  position  is: 


The  width  of  the  lowest  reflective  point  of  the  obtained  broad-band  antireflec 
tion  coating  system  (the  high  antireflection  region)  is  (k+ (l/2)k)X  - (k+l/2)X Q 
The  ratio  of  long  wave  point  to  short  wave  point  is  k. 

Accordinglv,  in  the  designed  three-layer  and  five-layer  antireflection 
Go 

coating  system  (wide  band  and  ultrawide  band),  the  optical  thickness  of  each 
layer  is  Aq/4.  From  the  above-mentioned  equation  of  refractivity  and 
considering  some  modification  of  coating  materials  used,  the  determined  values 
of  refractivity  are  shown  in  Table  1.  Figures  1  and  2  show  the  spectral 
curves. 

Table  1,  Refractivity  values  calculated  from  the  vector  analysis  method. 


»i 

**4 

■» 

3 

i.jm 

•*  •» 

3.1 

0.6 

5 

1.2* 

1.4.5 

no 

•J.7 

3.3 

0.60X^  -  3/* 

Key:  (a)  Number  of  layers;  (b)  Refractivity;  (c)  Width  of  high  anti¬ 

reflection  band. 
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Fig.  1.  The  calculated  transparency  Fig.  2.  The  calculated  transparency 
curve  of  a  three- layer  broad-band  curve  of  a  three- layer  broad-band 

anr ireflection  coating  system.  antireflection  coating  system. 


2.  Usages  of  symmetrical  equivalent  composite  coating 


As  previously  mentioned,  the  authors  only  used  three  types  of  coating 

materials  (Ge,  ZnS  and  SrF^)  to  complete  the  design  of  various  broad-band 

antireflection  coating  systems;  the  refractivities  of  these  three  materials  are, 

respectively,  nge=4,  nzng*2. 2  and  ngrF  =1.26.  However,  in  Table  1  the  other 

refractivity  values,  such  as  1.6S,  2.7?  3.1  and  3.3,  apply  the  concept  of 

f41 

symmetrical  composite  coating  .  By  using  the  same  method,  the  refractivities 
are  substituted  by  equivalent  refractivity  of  the  symmetrical  equivalent 
composite  coating  composed  of  the  three  above-mentioned  materials. 


In  the  multilayer  antireflection  design  examples  of  Ge  substrate  studied 
by  the  paper,  the  third  layer  (nj=3.1)  of  the  three-layer  antireflect^on  syster 
in  Table  1  can  be  equated  with  the  following  symmetrical  three-layer  structure. 

0.2M0.44H0.2M, 

in  the  structure,  M  represents  ZnS(AQ/4)  and  H  represents  Ge(*o/4).  We  use  E 
and  r  to  separately  represent  equivalent  refractivity  and  equivalent  phase 
thickness  of  the  above-mentioned  equivalent  composite  coating.  Then  the 
E^Aq/A  curve  and  pv^/A  curve  of  the  symmetrical  composite  coating  are  shown 
in  Fig.  3.  From  the  curve  diagram,  when  the  design  wavelength  *o=7.8  Pm,  the 
AQ/A  value  corresponding  to  8M4  urn  is  approximately  from  0.55  to  0.97,  and 
the  equivalent  refractivity  lies  somewhere  within  S.T'-S.S,  r  approaches  90° 
at  >.  /.\«1.  Thus,  the  equivalent  three-layer  broad-band  antireflection  coating 
system  with  a  Ge  substrate  including  a  symmetrical  equivalent  composite  coating 
is:  Ge| 0. 2M0.44H1 . 2ML! A; 

in  the  structure,  L  represents  SrF2(AQ/4)  and  A  represents  air.  Obviously, 
the  curve  in  Fig.  4  can  be  satisfactorily  used  to  conduct  broad-band  anti¬ 
reflection  design  of  8^14  gm. 

In  the  design  of  the  Ge  substrate  broad  band  in  the  paper,  in  the  five- 
layer  ultrawide-band  antireflection  coatings  in  Table  1,  the  parameters  (n2= 
1.65,  n4=2.7  and  n5=3.3)  of  the  second,  the  fourth  and  the  fifth  layers  are 
equated  by  the  following  three-layer  symmetrical  composite  coating: 
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Fig.  3.  Curves  E^X  /X  and  r^A  A 
of  the  symmetrical  equivalent 
composite  coating  0.2M0.44H0.2M. 
Key:  *)  Degree. 


Fig.  4.  Calculated  spectral  transparency 
curve  for  design  of  equivalent  three-layer 
coating  Ge |0. 2M0. 44H1 . 2ML|A. 


(0.2440.48  Af  0.24  4) 

«» 

(0.36  M  0.24  H  0-36  M) 
n* 

{0. 22  M  0.64  HO. 22  M) 


Figure  5  shows  the  curves  of  r  and  Aq/A.  Thus,  the  equivalent  five-layer 
broad-band  antireflection  coating  system  (including  three  equivalent  composite 
coatings)  is: 

Go|  (0.22  At  0.64  110.22  M)  <0.36  M 0.24  f 1 0.30  M)  M-* 

(0.24  40.48 A/ 0.24  L)L\A, 

After  combining,  it  is  an  eight-layer  coating  system: 

Ge|0. 1*2.U0.54  //0  68  A/ 0.24 //l. UK  A/ 0  24  40.48  U  1.24  4| A, 

Figure  6  shows  the  calculated  spectral  characteristic  curve. 


Obviously,  with  the  same  designed  wavelength  XQ  (through  calculation  in 
the  diagram,  Xq=4.S  ^m),  the  high  transparency  band  of  the  curve  is  considerably 
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narrower  in  Fig.  6  than  in  Fig.  2.  This  is  because  the  equivalent  refractivity 
E  value  of  the  Ea-X^ X  curve  in  Fig.  6  deviates  considerably  from  the  designed 
value  (refer  to  Table  1  for  the  designed  values:  n2=1.65,  n^=2.7  and  ns=3.3). 


Fig.  5.  E,  r^>  /x  curves. 
Key:  *)  Degree. 

(a)  0.22H0.24H0.22if 

(b)  O.36MO.24H0..16  (f 

(c)  0.2-1 /.o. 48  1/0.24  £, 


Fig.  6.  Experimental  spectral  transparency  curve  (taking  a  cycle  for 
each  equivalent  coating  layer)  of  equivalent  five-layer  broad-band 
antireflection  coating  system. 


III.  OPTIMIZATION  OF  ULTRAWIDE -BAND  ANT I RE FLECTION  COATING  SYSTEM  BY  USINv. 
RANDOM  OPTIMIZATION 
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From  the  analysis  in  the  last  section  (II),  only  by  using  general  analysis 

and  trial  calculation  can  relatively  satisfactory  results  be  obtained  for  a 

broad-band  antireflecticn  coating  system  with  not  too  mar.)  layers  (such  as  three 

layers)  when  the  ultrawide-band  antireflection  coating  system  of  2M4  pm  is 

used.  While  containing  three  symmetrical  equivalent  composite  coatings  with 

the  total  number  of  coatings  at  8,  the  effective  antireflection  width  is 

significantly  reduced  when  we  compare  the  equivalent  spectral  curve  in  Fig.  6 

with  the  curve  in  Fig.  2.  Although  the  phase  thickness  of  the  fundamentally 

symmetrical  structure  can  be  reduced,  thus  increasing  the  number  of  fundamental 

cycles  to  improve  the  spectral  curve,  yet  (by  so  doing)  relatively  more  layers 

other  than  (X  / 4)  will  exist  with  smaller  phase  thicknes*-  and  difficulty  in 
0  (3} 

coating.  Hence,  by  using  random  optimization  ' ,  the  authors  considered  the 
above-mentioned  eight  layers  of  the  coating  system  as  the  initial  coating 
system  for  optimization.  Further  discussion  is  needed  for  using  random 
optimization  in  automatic  design  of  the  coating  system.  Here,  a  brief 
description  is  given  of  the  basic  concept  and  the  application  in  design  of 
ultrawide  band  coatings. 

h’e  know  that  generally  the  refractivity  or  optical  thickness  are  used  as 
optimization  correction  parameters  of  spectral  characteristics  in  optimization 
design  of  coating  systems.  In  the  selective  conditions  of  refractivity  and 
other  conditions,  the  refractivity  R  of  a  group  of  coating  systems  can  be 
expressed  by  using  the  following  function  forms: 

R=R(Xj,  X2,  ....  Xn,  X). 

In  the  equation,  X^,  •••»  xn  are  optical  thicknesses  of  various  layers;  n 

is  an  integer.  As  expressed  by  the  above  equation,  R  is  an  n-dimensional  space 
function.  If  at  a  certain  point: 

X*(XJ.  X*.  ....  X*) 

of  an  n-dimensionai  space,  there  is  an  ideal  R  value;  this  point  X*  is  the 
optimized  target  value.  The  process  of  thin-coating  automatic  design  of 
random  optimization  is:  beginning  from  parameters  of  initial  design  of  a  point 
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X°(X°,  X®,  X®)  in  the  above-mentioned  n-dimensional  space,  within  the 

specified  variation  range  of  parameters  (of  various  layers),  along  a  randomly 
selected  direction  and  step  length  to  point  X',  continue  to  move  forward  if 
R  becomes  smaller.  If  R  becomes  greater,  reverse  the  direction  and  move 
forward  with  the  same  step  length.  If  R  becomes  smaller,  move  forward  along 
the  same  direction.  If  R  becomes  greater,  select  a  new  direction  and  step 
length.  Continue  like  this.  In  order  to  derive  the  minimum  value  of  R,  and 
to  have  R  varied  from  a  local  minimum  to  a  "remoter"  minimum  value,  the  randomly 
selected  direction  and  step  length  can  be  divided  by  the  same  constant  C.  In 
the  optimization  process,  the  magnitude  of  C  can  be  controlled  with  acceleration 
of  step  length.  In  computer  calculation,  C  varies  from  small  to  large  until  a 
relatively  satisfactory  result  can  be  designed;  i.e.,  the  corrected  parameter 
X  can  be  made  to  gradually  approach  X*  from  X°  in  order  to  obtain  a  satisfactory 
R  value.  In  the  optimization  process,  if  the  initial  parameters  are  not  used, 
the  middle  points  of  the  specified  variation  range  of  various  parameters  can 
be  used  as  initial  points.  Continue  the  optimization  according  to  the  above- 
mentioned  process. 

To  design  a  2-vl4  gm  ultrawide  antireflection  coating  system,  while  only 
using  the  coating  system  of  three  coating  materials  (Ge,  ZnS  and  SrFj)  and 
eight-layer  (total  number  of  layers)  coating,  the  spectral  characteristic  curves 
are  not  ideal.  Thus,  the  authors  used  the  eight- layer  coating  system  as  the 
initial  structure,  prescribing  to  conduct  optimization  during  vertical  incidence 
in  the  wavelength  region  2.2  ym$X$13.4  ym.  In  the  optimization  process,  the 
authors  selected  a  mode  of  maximum  value 

F=maxR(A^)  (l$i$M) 

as  the  evaluation  function;  M  is  the  number  of  wave  points.  Table  2  shows  the 
optical  thicknesses  of  various  layers  before  and  after  optimization.  Figure  7 
shows  a  calculated  spectral  characteristic  curve  of  the  eight-layer  coating 
system  after  optimization.  In  the  above-mentioned  wavelength  region,  the 
maximum  point  after  optimization.  It  can  be  seen  that  the  spectral 

curve  of  the  initial  eight-layer  coating  system  is  significantly  improved  for 
post-random-optimization  eight-layer  coating.  Thus,  in  the  um  spectral 
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region,  there  will  be  a  higher  antireflection  characteristic;  this  sufficiently 
reveals  the  function  of  random  optimization  in  optimization  of  an  optical 
coating  system. 


Fig.  7.  Calculated  spectral  curve* (ns=4)  of  eight  layers 
after  optimization 


Table  2.  Eight  layer  thickness  parameters  (unit:  Xq/4)  before  and  after 
optimization. 


x, 

^'j 

X, 

X. 

X, 

X, 

x« 

1.24 

0.48 

0.24 

1.36 

0.24 

0.58 

0.54 

0.22 

1.9 

0.19 

0.265 

1.347 

0.114 

0.536 

0.8*8 

0.814 

Key:  (a)  Before  optimization;  (b)  After  optimization. 

As  mentioned  above,  the  Tvx  curves  were  calculated  by  considering  only  the 
antireflection  effect  of  a  single  surface  of  the  base  plate.  It  is  assumed  that 
another  surface  extends  without  a  limit.  In  the  following,  the  given  experimental 
results  are  results  when  both  surfaces  of  the  base  plates  are  covered  with  the 
same  coating  system. 


IV.  EXPERIMENTAL  RESULTS  AND  ANALYSIS 


On  ordinary  optical  multilayer  equipment  (DMD-4S0)  controlled  by 
comparison-plate  harmonics,  the  authors  used  a  non-(A0/4)  control  curve 
to  control  the  optical  thickness  of  various  layers.  It  is  not  too  difficult  to 
coat  a  practical  broad-band  antireflection  coating  system.  Characteristics 
vary  somewhat  in  repeated  tests;  however,  the  transparency  level  is  basically  the 
same  in  each  experimental  curve.  Figure  8  shows  the  spectral  characteristic 
curves  during  an  experiment  on  an  equivalent  three-layer  broad-band  anti¬ 
reflection  coating  system  with  4  as  the  total  number  of  layers.  Figure  9  shows 
the  spectral  characteristic  curves  of  an  8-layer  ultrawide  coating  system  after 
opt  imitation. 


Fig.  8.  Experimental  curves  (double  surfaces) 
of  equivalent  three-layer  broad-band  anti¬ 
reflection  coatings. 

Key:  *)  (without  antireflection). 


Fig.  9.  Experimental  curves  (double  surfaces) 
of  eight-layer  broad-band  antireflection  coatings 
obtained  by  using  random  optimization. 

Key.  *)  Without  antireflection. 
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Although  the  experimental  curves  shown  in  Fig.  9  have  better  antireflection 
characteristics,  the  deviation  is  somewhat  clear  compared  with  the  calculated 
value.  This  deviation  is  due  to  tuo  reasons:  (1)  The  theoretical  calculation 
does  not  consider  color  dispersion  and  absorption  of  materials  within  a  very 
wide  wavelength  range.  There  are  some  absorptions  following  13  ym  by  Ge,  ZnS 
and  SrF^;  there  is  the  effect  of  the  water  absorption  band  in  the  vicinity  of 
3  um.  (2)  Errors  in  the  non-(,\o/4)  point  controlled  by  the  coating  control 
instrument  for  an  ordinary  photoelectrode  value  e.re  relatively  great,  so  that 
the  experimental  curve  does  not  have  a  good  match  with  the  calculated  value. 

Although  there  are  some  difficulties  in  experiments,  the  following  charac¬ 
teristics  correspond  to  the  merchandise  index  of  the  OCLI  Company  of  the 
United  States:  broad-band  antireflection  curves  of  Ge  substrate  within  the 
range  of  8^14  ym  and  2^-14  um.  average  transparency,  and  transparency  of  the 
lowest  point.  The  average  transparency  used  in  the  broad-band  transparency 
curve  (8-14  um)  within  8-12  ym  is  T^  5  14=94.6  percent;  the  transparency  (of 
the  lowest  point)  is  Tn^n*82.S  percent. 

Although  some  other  materials  can  be  found  in  the  2^14  ym  wavelength  region 
to  satisfy  tht  requirements  of  some  layers  in  broad-band  antireflection,  and  to 
possibly  show  some  better  spectral  characteristics,  yet  viewed  from  practical 
applications,  materials  (easily  deliquescent,  soft  coating,  and  high  toxicity) 
are  unfavorable  for  manufacture  and  usage.  Hence,  the  authors  selected  the 
relatively  appropriate  materials  (Ge,  ZnS,  and  SrF2)  as  coating  materials. 
Although  there  were  some  additional  difficulties  in  design  and  manufacture, 
design  and  manufacture  problems  for  wide  bands  ({h.14  um  and  2vl4  pm)  are  being 
solved  better. 

In  principle,  the  design  concept  described  in  the  paper  is  also  suitable 
to  design  and  manufacture  broad-band  antireflection  coating  systems  of  other 
high  refractivity  substrates. 

The  author  expressed  his  gratitude  to  Tao  Fengxiang,  Zhu  Furong,  et  at. 
for  their  assistances  in  design  and  manufacture  for  the  study. 
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AUTOMATIC  MEASUREMENT  OF  SPECTRAL 
RESPONSE  OF  INFRARED  DETECTORS 

Lin  Lin,  Mu  Xikbun,  Sun  Jianbanq,  Wu  Binjie 

(Shanghai  Institute  of  Technical  Physics,  Academia  Stnico) 

ABSTRACT 

The  method  of  automatic  measurement  of  the  speotral  response  of  infrared  detectors 
is  discussed.  A  special  system  has  been  built  and  its  performances  tested.  The  prinoiple 
of  the  measurement  and  the  design  of  the  system  are  presented.  The  results  show  that  a 
number  of  problems  generally  encountered  in  such  measurements  oan  be  eliminated. 
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DESIGN  AND  ANALYSIS  OF  INFRARED  P.ROAD-BAND 
ANTIREFLECTION  COATINGS 

Xc  Bvyvs 

(flhmgkm  hutuuu  oj  Ttchtneal  i  kytvt,  Acmtemta  Btmom) 


ABSTRACT 

It  h«9  been  done  to  optimize  an  infrared  br<v*d-l»nd  coating  on  the  thoory  of 
equivalent  multi-layers  by  means  of  u  computer  jtiogram  named  “Random  optiraixation”. 
Tlie  practical  design  and  experiment.il  results  for  b~14  and  2~i4  micrometer 
wavelength  band  on  Go  substrate  uo  pusentod. 
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